Background {#Sec1}
==========

Traumatic cardiac injuries are rare and are usually associated with a high mortality rate. To save a patient with a blunt or penetrating cardiac injury, rapid diagnosis, decisions, and treatment by an experienced surgeon is mandatory \[[@CR1]\]. The Advanced Trauma Operative Management (ATOM) course, which is a program of the American College of Surgeons and administered in Japan through the Japan Surgical Society, is a 1-day trauma course that includes a series of lectures and live-animal surgery simulation training with pigs to teach the surgical management of penetrating traumatic injuries \[[@CR2]\]. The ATOM course includes a session about the management of cardiac injuries \[[@CR3]\]. In Japan, the ATOM course started in 2008. Currently, there are six training sites (Hokkaido University Hospital, Tohoku University Hospital, Jichi Medical School, Teikyo University Hospital, Osaka City University Hospital, and Kyushu University Hospital), more than 50 instructors, and about 300 providers. It is difficult to confirm the effectiveness of the ATOM course introduction in Japan.

We present here four patients treated at four different centers in Japan who suffered traumatic cardiac injuries and were treated by four surgeons who took the ATOM course in Japan. The effectiveness of learning surgical skills by simulation education in a course such as ATOM is considered.

Case presentations {#Sec2}
==================

Ethical approval was obtained for the presentation of each patient from each treating hospital. All patients consented to the publication of their information as shown.

Patient 1 {#Sec3}
---------

A 67-year-old male bicycle rider was injured in a motor vehicle accident and brought to the emergency room (Glasgow Coma Scale (GCS) 7 (E1V2M4)), blood pressure (BP) 138/46 mmHg, respiratory rate (RR) 20/min, pulse (P) 80/min). Evaluation showed pericardial tamponade on Focused Assessment by Sonography for Trauma (FAST) ultrasound examination. The pericardium was drained with a needle and a pericardial window performed in the emergency room. This released the tamponade in less than 5 min, but the patient became hemodynamically unstable. The patient was rapidly transported to the operating room and median sternotomy performed. A right ventricle anterior wall rupture found and initially controlled with digital pressure and then repaired using a skin stapler, as taught in the ATOM course, then reinforced by *pledgeted sutures and the chest irrigated and closed.* Figure [1](#Fig1){ref-type="fig"} shows the coronary angiography performed 37 days after the injury. The patient recovered without neurological deficits and was discharged home 50 days postoperatively. Fig. 1Postoperative imaging shows staples in place after repair of a penetrating cardiac injury with patent coronary arteries (patient 1)

Patient 2 {#Sec4}
---------

A 20-year-old female automobile driver was injured in a collision with a truck. She presented alert and oriented *(GCS15 (E4V5M6))* with hypotension (BP 100/70 mmHg, P 80/min, *SpO*~*2*~ 100% (on 100% O2 by face mask). Evaluation revealed cardiac tamponade, left lung contusion, liver injury, and right femoral shaft fracture. The patient remained stable was transferred to the operating room. After median sternotomy and incision of the pericardium (total time 1 h after admission), 60g of clot was found. By removing this clot, compression was released. No heart injury was found. The injuries of the left lung and liver required no specific treatment, and the right femur was repaired by external fixation by an orthopedic surgeon following the cardiac procedure. She was discharged 80 days postoperatively without complications.

Patient 3 {#Sec5}
---------

A 32-year-old female attempted suicide with *two self-inflicted stab wounds* to the left chest lateral to the sternum at the level of the seventh rib (Fig. [2](#Fig2){ref-type="fig"}, left). She presented to the ER with hypotension (BP 100/60 mm Hg, *P 80/min*, RR 20/min, GCS 15 on arrival), rapidly deteriorated, and left anterior thoracotomy was immediately performed in the operating room. A left ventricular laceration and a left upper lobe laceration were identified, with no evidence of cardiac tamponade. The left ventricle stab wound was closed immediately with a single polypropylene suture with a pledget, the left interthoracic artery ligated, and a partial pulmonary lobectomy done. The patient was discharged from the hospital 14 days after injury. Fig. 2Location of stab wounds in patients 3 (left panel) and 4 (right panel). The green lines indicate the location of the stab wounds. (The figure was obtained from <https://pixta.jp/illustration/37387380> and is reproduced with permission)

Patient 4 {#Sec6}
---------

A 46-year-old male suffered multiple self-inflicted stab wounds to the left chest from a knife. The wounds were 2-cm long with the deepest wounds located just lateral to the sternal border at the level of the third rib (Fig. [2](#Fig2){ref-type="fig"}, right). During transport, this patient was in shock and had a complete cardiopulmonary arrest upon arrival. Emergency room left anterior thoracotomy was performed, and rupture of the right ventricular wall identified with evidence of cardiac tamponade. The epicardium was released within 14 min of presenting to the Emergency Room. This was repaired with a polypropylene suture with a pledget. *The patient suffered another cardiopulmonary arrest supported with 22 min of cardiopulmonary resuscitation after which he regained spontaneous cardiac function*. The blood pressure was labile, and the patient was transferred to the operating room where extracorporeal membrane oxygenation (VA-ECMO) was initiated, and the patient transferred to the intensive care unit. Five days after injury, patient was withdrawn from ECMO, and 8 days after injury, he was extubated and discharged from the intensive care unit without neurological complications. This patient has previously been reported in part \[[@CR4]\]. The patient was discharged from the hospital 13 days after injury.

Discussion {#Sec7}
==========

The prognosis of patients after traumatic cardiac injuries is poor in general, especially those who present in cardiac arrest. The management and outcomes of penetrating and blunt cardiac injuries are somewhat different. The National Trauma Data Bank (United States) reported that the percentage of the patients transferred to hospital with blunt cardiac rupture among all patients with blunt traumatic injuries is just 0.045% \[[@CR5]\]. The mortality rate of patients after blunt cardiac injuries is especially high, and almost all patients with blunt cardiac injuries are dead at the scene. The mortality rate of patients after blunt traumatic cardiac injuries who present to the emergency room with vital signs is 89% \[[@CR5]\].

We present four patients here with different mechanisms of cardiac injury including two after blunt injuries and two after penetrating injuries that represent a wide range of cardiac injuries (summarized in Table [1](#Tab1){ref-type="table"}). These injuries are extremely rare in Japan, and most surgeons have never seen a patient with these injuries. Thus, few surgeons have prior experience which is so important for the prompt evaluation and management of these injuries. Table 1Clinical characteristics of 4 patients who survived traumatic cardiac injuriesPatientAge, yearsM/FMechanismExternal injuryClinical condition in ERTreatmentDischarge, days167MBlunt--BP 138/46, GCS7, tamponade*ER pericardial drainage, then* OR sternotomy, stapling50220FBluntFemur fractureBP100/70, tamponadeOR sternotomy, extract clot80332FStab, 1 woundLeft chest at 7th ribBP100/60, no tamponadeER left anterior thoracotomy, suture left ventricle14446MStab, 2 woundsLeft chest at 3rd ribCardiac arrest, tamponadeER left anterior thoracotomy VA-ECMO13*M* male, *F* female, *ER* emergency room, *VA-ECMO* venous-arterial extracorporeal membrane oxygenation, *OR* operating room, *GCS* Glasgow Coma Scale

In Japan, the trauma training course for physicians in the emergency department, is the Japan Advanced Trauma Evaluation and Care (JATEC), which is widely conducted. In JATEC, the diagnosis and treatment for cardiac tamponade is taught as detecting by focused assessment sonography on trauma, and pericardial puncture. To save a patient with a cardiac injury, surgical repair is essential, and the ATOM course could contribute to teaching a standard approach to the care of these injuries.

The initial evaluation of the patients reported here was performed according to JATEC and includes airway, breathing, circulation, dysfunction of CNS, and exposure and environmental control. A FAST scan is rapidly performed to evaluate the pericardium. The importance of ultrasound in the evaluation of patients following cardiac trauma is well known and may even include extended examinations in a stable patient \[[@CR6], [@CR7]\]. The literature suggests that FAST scan has a sensitivity of approximately 97% and a specificity of 100% \[[@CR8]\]. While some have suggested that CT scan may be useful in the evaluation of cardiac injuries, the specificity and sensitivity are far below that of FAST scan and it was concluded that CT scan should not be used \[[@CR8]\].

The role of Emergency Room thoracotomy has been discussed in the management of cardiac traumatic injuries \[[@CR9]\]. In a meta-analysis of emergency room thoracotomy, more were performed in patients with penetrating injuries than blunt injuries \[[@CR10]\]. Survival in the penetrating injury group was a mean of 17% (2.7--37.5%), and for blunt injuries was a mean of 4.6% (0.6--60%). Among patients with penetrating injuries, mean percentage of neurologically intact survivors was 86% and only 12% in the patients with blunt injuries.

There are some very subtle differences among penetrating injuries to the heart which must be considered in the overall management of these injuries \[[@CR11]\]. The cause of the injury dictates the ideal management \[[@CR12]\]. Small wounds with tamponade may be successfully treated only with pericardiocentesis. This may be unsuccessful especially when there is a large coagulum in the pericardial space, and in those cases, surgical intervention (pericardial window or thoracotomy) may be necessary. Larger wounds clearly need emergent thoracotomy and cardiorrhaphy. It is estimated that nearly 90% of patients with penetrating cardiac injuries never reach the hospital \[[@CR12]\]. Blunt cardiac injuries require a high index of suspicion to establish the diagnosis \[[@CR13]\].

Once a cardiac injury is found, direct exploration of the injury is advocated \[[@CR6]\]. Due to its anatomical location, injuries to the right ventricle are most common. The ATOM course teaches the use of the skin stapler to temporize and stop the bleeding followed by the placement of sutures with pledgets into the myocardium, as was performed in patients 1, 3, and 4 in this report \[[@CR3]\]. Cardiac stapling has also been reported elsewhere \[[@CR14]\].

Other approaches have also been tried. In patient 4 in this series, ECMO was used as an adjunct. The use of ECMO to support a patient after a traumatic injury has been reported only one time before \[[@CR15]\].

In a series of 60 patients who sustained penetrating cardiac injuries, the overall survival was 37% (22/60) including 5/35 patients with gunshot wounds and 17/25 patients with stab wounds \[[@CR16]\]. ERT was performed in 37/60 patients, with 6/37 survivors (16%). Patients without vital signs on arrival had a mortality of 96%. Factors which predicted outcomes were mechanism of injury and the presence of sinus rhythm upon opening the pericardium.

These four patients survived because of prompt and aggressive action by surgeons who took the ATOM course in Japan. Only one of the four surgeons involved in the care of these patients had ever treated a cardiac injury. The experience for three of the four surgeons was limited to the ATOM course. The outcomes of these patients were uniformly excellent; all patients recovered without neurologic sequelae. This is particularly rare in patients after blunt cardiac injuries as highlighted by patient 1 in this series who had a ventricular rupture after a blunt injury, as well as patient 4 who had a complete cardiac arrest at the time of presentation. The care of trauma patients requires a team approach for the entire spectrum of care. The ATOM course emphasizes the importance of the team through an education program that includes specific training for nurses as members of the trauma team.

This report is notable in several aspects. First, we present four patients with traumatic cardiac injuries who survived without neurologic sequelae. This is only the second case report in the literature of a patient treated for a cardiac injury with ECMO. Finally, three of the four surgeons only experience with surgical management of a cardiac injury was in an animal simulation laboratory.

Conclusion {#Sec8}
==========

The ATOM course provided these surgeons with experience in basic techniques in the management of cardiac injuries. While it is not possible in a simulation course such as ATOM to provide experience with every possible clinical situation, the course gave the participants confidence when they approached injuries they had not previously encountered. Since cardiac injuries are rare in Japan, there was no prior formal training available in the necessary procedures. The effectiveness of the ATOM course and simulation training to learn procedures for which clinical experience is rare, is suggested by these four patients. Efforts should be continued for simulation training for trauma care in Japan.
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